The effect of teriparatide treatment on microdamage accumulation has yet to be examined in animal studies. The purpose of this study was to investigate the effect of once-weekly teriparatide treatment on bone microdamage accumulation and the relationship between microdamage parameters and bone mass, architecture, turnover, and collagen cross-linking in the lumbar vertebral trabecular bone of ovariectomized (OVX) cynomolgus monkeys. Female monkeys were divided into four groups (n = 18-20 per group): (1) SHAM group, (2) OVX group, (3) OVX with 1.2 µg/kg once-weekly teriparatide group (LOW group), (4) OVX with 6.0 µg/kg once-weekly teriparatide group (HIGH group). After 18 months, all animals were double-labeled with calcein for histomorphometry. L3 and L7 lumbar vertebrae were harvested and analyzed for differences in histomorphometry, microdamage, and collagen cross-linking. The iliac crest was also analyzed for differences in bone turnover. In the OVX group, cancellous bone mass was reduced and microdamage accumulation was increased as compared with the SHAM control. Once-weekly teriparatide at both doses prevented the decrease in bone mass and increase in microdamage accumulation, and improved the distribution of collagen cross-linkage types. Regression analyses indicated that decreased microdamage accumulation was associated with reduced non-enzymatic cross-link pentosidine rather than increased cancellous bone mass or enzymatic cross-links. These findings suggest that once-weekly teriparatide treatment decreases microdamage accumulation by recovering the balance in collagen cross-links.
Introduction
Teriparatide is an anabolic agent used to treat patients with osteoporosis who have an especially high risk of fracture [1, 2] . The anabolic effect of teriparatide on cancellous bone has been demonstrated using iliac crest biopsies from postmenopausal women [3] [4] [5] and in animal experiments following ovariectomy [6] [7] [8] [9] . Teriparatide accelerates not only bone formation but also bone resorption, leading to increased bone remodeling.
Although patients are routinely treated with daily teriparatide injections, a once-weekly treatment regime for teriparatide is already used in Japan [10] and South Korea [11] to treat osteoporotic patients with high fracture risk. Weekly teriparatide treatment can reduce the incidence of osteoporotic vertebral fractures by 78% in postmenopausal women with prevalent vertebral fractures [10] . In ovariectomized cynomolgus monkeys, we have recently reported that onceweekly teriparatide injections for 18 months can increase the strength of the lumbar vertebrae through a gain in cancellous bone mass and a recovery in the balance of collagen cross-links, with a higher content of enzymatic immature and mature cross-links and lower content of non-enzymatic advanced glycation end product cross-links [6] .
Although collagen cross-linking is important for the material properties of bone [6, [12] [13] [14] [15] , several other factors also contribute to its material properties [4, [7] [8] [9] [16] [17] [18] [19] . For instance, physiological loading can cause an accumulation of bone microdamage through bone fatigue [19] [20] [21] , which in turn can lead to increased bone fragility [5, 14, 16, 18, 19] . The overall microdamage burden is a balance between the amount of damage that is produced and the amount that is repaired [18, 19, 22, 23] through bone remodeling [19, 22] . As such, increased bone remodeling by teriparatide treatment would be expected to accelerate microdamage repair, and thereby decrease microdamage accumulation. However, to our knowledge, few studies have investigated the effect of teriparatide on bone microdamage accumulation [5] . Furthermore, there are no animal or clinical data on the effects of once-weekly teriparatide treatment on microdamage accumulation.
The primary purpose of the present study was to investigate the effect of once-weekly teriparatide treatment on bone microdamage accumulation in the lumbar vertebral trabecular bone of ovariectomized (OVX) cynomolgus monkeys. The secondary purpose was to examine the relationship between microdamage parameters and bone mass, architecture, turnover, and collagen cross-linking. In this study, histomorphometry was used to monitor changes in trabecular bone mass, architecture, turnover, and microdamage. Although the results of collagen cross-links have already been published previously [6] , the association of cross-links with microdamage parameters was additionally examined.
Materials and Methods

Animals and Experimental Design
The animals and experimental design of this study have been previously described [6] . Skeletally mature 80 female cynomolgus monkeys (mean age ± SD, 12.0 ± 1.5 years) were obtained from C.V. Universal Fauna (Jakarta Timur, Indonesia). Monkeys were housed under controlled conditions at 26 °C ± 2 °C with a 12-h light-dark cycle, and were given free access to water and approximately 108 g of commercial food containing 1.4% calcium and 0.6% phosphorus (Harlan Sprague Dawley Inc., Indianapolis, Indiana, U.S.) once daily. Interventions were commenced after monkeys had acclimated for 6 weeks.
Seventy-seven monkeys (body weight at grouping, 2.06-3.48 kg) exhibiting normal behavior during the acclimation period were selected and divided into four groups (n = 18-20) based on body weight, spine bone mineral density (BMD), and age, as follows: (1) SHAM group, (2) OVX group, (3) OVX with low-dose teriparatide treatment group (LOW group), and (4) OVX with high-dose teriparatide treatment group (HIGH group). Ovariectomy was performed 1 week before additional treatment. SHAM and OVX groups were subcutaneously administered onceweekly with 0.1% saline containing bovine serum albumin as a vehicle, whereas the LOW and HIGH groups received once-weekly teriparatide acetate (Asahi Kasei Pharma Corp., Tokyo, Japan) at doses of 1.2 µg/kg and 6.0 µg/kg body weight, respectively. Experiments were performed for 18 months. Teriparatide dosages were chosen based on previous reports [24] . For bone histomorphometry, all animals were double-labeled with calcein (4 mg/kg; Dojindo Laboratories, Kumamoto, Japan) through intravenous injections on days 21 and 7 before sacrifice. Monkeys were sacrificed by an overdose of pentobarbital sodium (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan).
Bone Preparation
After sacrifice at 18 months, the left iliac crest, and the third and seventh lumbar vertebrae (L3, L7) were harvested and freed from adherent soft tissues. We excluded 25 specimens of the iliac crest because of inadequate tissue quantity. Iliac crest samples were fixed with 70% ethanol and embedded in methyl methacrylate-based plastic. Cancellous bone fractions of the L3 vertebral bodies were cleaned of bone marrow, frozen in liquid nitrogen, and pulverized with liquid nitrogen, as previously reported [12, 25] . L7 vertebrae were fixed with 70% ethanol, stained with 1% basic fuchsin for 3 days, and then embedded in methyl methacrylate-based plastic.
Bone Histomorphometry
Samples of the iliac crest and L7 vertebrae were used for dynamic and static histomorphometric analyses, respectively. Embedded iliac crest samples were cut to 5-µm-thick unstained coronal sections using a microtome. L7 vertebrae were sectioned around the mid-sagittal portion with a diamond saw and ground to 100 µm thickness for structural evaluation and microdamage analysis of cancellous bone.
Histomorphometric measurements were performed using a semi-automated digitizing image analyzer, consisting of a light or epifluorescence microscope at × 100 magnification and a digitizing pad connected to a computer with histomorphometric software (System Supply Co., Nagano, Japan). Polarized light was applied to identify the lamellar structure and trabecular packets. All measurements were carried out blindly by one histomorphometrist. A square (5 × 5 mm) area at the center of the cancellous bone in the L7 vertebra was measured for trabecular bone structure and microdamage analyses.
Microdamage in bone was defined as linear shapes of basic fuchsin stain located in the bone matrix and that 1 3 could be obviously discriminated from canaliculi or vascular canals. Classically, microscopic cracks are defined as having sharp edges; however, we included lamellar debonding cracks without sharp edges to obtain a sufficient number of cracks for analysis, as based on a previous report in this field [18] (Fig. 1) . All microdamage has some depth of field and permeation of the stain into the crack walls [18, 23] . We measured the mean crack length (Cr.Le, µm), crack density (Cr.Dn = Cr.N/B.Ar, #/mm 2 ), and crack surface density (Cr.S.Dn = Cr.N × Cr. Le/B.Ar µm/mm 2 ). For each animal, two sections of the L7 vertebra were measured.
For trabecular structural analyses, trabecular bone volume (BV/TV, %), trabecular thickness (Tb.Th, µm), trabecular number (Tb.N, #/mm 2 ), and trabecular separation (Tb.Sp, µm) were measured.
The following parameters of the iliac crest were measured as trabecular bone-labeled parameters: single-labeled surface (sLS/BS, %), double-labeled surface (dLS/BS, %), mineralized surface (MS/BS, %), mineral apposition rate (MAR, µm/day), and bone formation rate (BFR/BS, µm 3 / µm 2 /year and BFR/BV, %). For these measures of conventional histomorphometry, one section of the L7 vertebra was measured for each animal.
The nomenclature and symbols used are in accordance with the report of the Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral Research [26] .
Measurement of Collagen Cross-Links
The measurement of collagen cross-links was carried out as previously described [25] . Briefly, bone powder was demineralized with 0.5 M EDTA in 50 mM Tris buffer (pH 7.4) for 96 h at 4 °C. Demineralized bone residue was suspended in potassium phosphate buffer (pH 7.6) and reduced at 37 °C with sodium borohydride (Sigma-Aldrich, St Louis, MO, USA). The specimens were hydrolyzed in 6 N HCl at 110 °C for 24 h. Hydrolysates were then analyzed for the content of cross-links and hydroxyproline on a Shimadzu LC9 highperformance liquid chromatography (HPLC) system fitted with a cation exchange column (0.9 × 10 cm, Aa pack-Na; Jasco, Tokyo, Japan) and linked to an online fluorescence flow monitor (RF10AXL; Shimadzu, Kyoto, Japan). It was assumed that collagen weighed 7.5 times the measured hydroxyproline weight, based on a molecular weight of 300,000 Da [25] . The resulting data were used to calculate cross-link values as mol/mol of collagen. Reducible immature cross-links (deH-dihydroxylysinonorleucine, deHhydroxylysinonorleucine, and deH-lysinonorleucine) were identified and quantified as their reduced forms (DHLNL, HLNL, LNL, respectively). Our established HPLC system allows us to determine enzymatic and non-enzymatic crosslink content within a linear range of 0.2-600 pmol in bone specimens. Reducible cross-links and common amino acids, such as hydroxyproline, are detected with post-column derivatization using o-phthalaldehyde, whereas non-reducible cross-links (Pyr: pyridinoline; Dpyr: deoxypyridinoline) and pentosidine are detected by natural fluorescence. The units for enzymatic and non-enzymatic cross-links are mol/ mol and mmol/mol of collagen, respectively. The content of pentosidine was determined as per the method of Tang et al. [14] .
The following parameters for L3 were measured as collagen parameters: immature + mature pyridinium cross-links (DHNL + HLNL + LNL + Pyr + Dpyr, mol/ mol of collagen), mature cross-links rates ([Pyr + Dpyr]/ [DHNL + HLNL + LNL]), and pentosidine (mmol/mol of collagen).
Statistical analysis
All values are expressed as the mean ± standard deviation (SD). Differences among the four groups were tested by oneway analysis of variance (ANOVA). If a significant difference was found, Tukey test was used for multiple comparisons to clarify differences among two groups. Spearman's rank correlation coefficient was used to select a parameter to explain microcrack accumulation from trabecular bone structural parameters, trabecular bone-labeled parameters, and collagen cross-link parameters in the three ovariectomized groups (OVX + LOW + HIGH). All p values < 0.05 were considered significant.
All statistical analyses were performed with EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna Austria).
Results
Trabecular Bone Structural Parameters
BV/TV and Tb.Th were significantly lower in the OVX group than in the SHAM group (p < 0.05). Among the OVX treatment groups, BV/TV and Tb.Th were significantly higher in the LOW group than in the OVX group (p < 0.05), and Tb.Th in the HIGH group was significantly higher than that in the OVX group (p < 0.05) (Fig. 2a) . No significant differences in Tb.N or Tb.Sp were found among the groups. There were no significant changes between the LOW and HIGH groups or between the SHAM group and either of teriparatide treatment groups (Table 1) .
Microdamage Parameters
Cr.Le was not significantly different among the four groups. Cr.Dn and Cr.S.Dn were significantly higher in the OVX group than in the other groups (p < 0.05), with no significant differences among the SHAM, LOW, and HIGH groups (Fig. 2b ). There were no significant differences between the LOW and HIGH groups ( Table 2) .
Dynamic Parameters
There were no significant differences for any of the dynamic histomorphometric parameters obtained from the iliac crest based on calcein labels among the four groups (Table 3) . 
Collagen Parameters
The OVX group showed a non-significant decrease in the content of enzymatic immature + mature pyridinium crosslinks and a significant increase in the content of pentosidine as compared with the SHAM group. The content of enzymatic immature + mature cross-links was significantly higher in both the LOW and HIGH groups as compared with the OVX group (p < 0.05) (Fig. 2c) . Pentosidine content was significantly lower in the LOW and HIGH groups as compared with the OVX group (p < 0.05) (Fig. 2d) . The mature cross-link ratio was not significantly different among the four groups. There were no significant differences between the SHAM group and the teriparatide treatment groups, or between the LOW and HIGH groups (Table 4) .
Correlation Between Microdamage Parameters and Other Parameters
BV/TV, Tb.Th, and immature + mature pyridinium crosslinks were significantly and slightly negatively correlated with Cr.Dn and Cr.S.Dn (p < 0.05) (Fig. 3a, b) . In contrast, Fig. 3c ).
Discussion
In this study, we investigated the effects of once-weekly teriparatide treatment on trabecular structure, bone turnover, microdamage accumulation, and collagen cross-links in the cancellous bone of ovariectomized cynomolgus monkeys. Our results demonstrate that teriparatide increases trabecular bone by thickening the trabeculae and decreasing microdamage accumulation, probably due to a favorable shift in the balance of collagen cross-links (increased enzymatic immature + mature collagen cross-links and decreased nonenzymatic collagen cross-links, pentosidine) in the vertebral cancellous bone. Although several animal studies have shown that teriparatide treatment can increase bone mass and improve trabecular architecture by accelerated bone formation [6] [7] [8] [9] 27] , few studies have evaluated the effects of teriparatide treatment on microdamage accumulation [5] . To the best of our knowledge, this is the first animal study to investigate the effect of teriparatide treatment on microdamage accumulation in vertebral trabecular bone. In this study, the OVX group had significantly higher microdamage accumulation than the SHAM group. This was unexpected, because microdamage is thought to be lowered by damage repair strategies that are elevated in response to bone remodeling following ovariectomy [18, 19, 23] . There are several possible explanations for this phenomenon. First, as shown in our results, the increase in bone turnover by ovariectomy caused a reduction in trabecular bone volume, which in turn could lead to stress concentration on the trabeculae. Therefore, the production of microdamage might exceed the rate of damage repair. Second, the increase in turnover by ovariectomy may not be long-lasting in cynomolgus monkeys [9, 28] . The present study found no significant difference in any of the dynamic parameters between the OVX and SHAM groups, suggesting that the increase in bone turnover by ovariectomy returns to normal levels within 18 months after surgery. This time-dependent reduction in bone turnover may accelerate microdamage accumulation by lower rates of damage repair. Finally, the elevated levels of pentosidine, which is representative of the production of advanced glycation end products (AGEs), in the OVX group might increase bone fragility [6] and rates of microdamage [14] . As reported previously, the amount of pentosidine or AGEs increases after OVX due to oxidative stress induced by estrogen deficiency, even in situations of high bone turnover [29] .
The most striking finding of this study was that onceweekly teriparatide treatment decreased microdamage accumulation in the vertebral cancellous bone, and that this reduction was associated with a favorable shift in the balance of collagen cross-links. As previously reported [6] , once-weekly teriparatide treatment increased the total content of enzymatic immature and mature cross-links, which contributed to increased vertebral bone strength, and decreased AGE cross-linking pentosidine, which is reported to accumulate with tissue aging and time-dependent oxidation and glycation, leading to microdamage and bone fragility. In the current study, both increased immature + mature pyridinium cross-links and decreased pentosidine were significantly associated with decreased Cr.Dn or Cr.S.Dn. The increase in immature + mature pyridinium cross-links means an increase in the enzymatic cross-links of collagen, and this can have a positive effect on the mechanical properties of bone within a beneficial range, without brittleness [13, 15] . Indeed, in our previous study [6] , the amount of immature and mature collagen cross-links was significantly and positively correlated with ultimate load, stiffness, and breaking energy of the L3 vertebra. In that study as well, pentosidine content was significantly negatively correlated with lumbar vertebral stiffness. In the current study, which examines the relationship between microdamage accumulation and trabecular bone mass, architecture, bone turnover, and collagen cross-links, pentosidine content was most strongly associated with an increased accumulation of microdamage. This may imply that increased pentosidine content is a key factor contributing to the bone brittleness or fragility that causes microdamage in bone.
Theoretically, increased bone turnover can explain how teriparatide reduces the accumulation of microdamage, as it enhances damage repair through targeted bone remodeling [18, 19, 22, 23] . In the current study, however, there were no relationships between microdamage accumulation and any of the bone turnover parameters. This may be because of the 18-month duration of teriparatide treatment. Although increased bone turnover caused by once-daily teriparatide treatment was most evident in the early phase of treatment, its effect becomes weaker with time and finally reaches a plateau over a longer treatment period [30] [31] [32] . Our results suggest that 18 months of once-weekly teriparatide treatment is too long to detect improvements in bone turnover based on histomorphometric dynamic parameters. An evaluation of bone dynamic parameters and microdamage at an earlier phase of treatment might provide more important information regarding the relationship between bone turnover and microdamage accumulation.
In this study, no significant differences were found for any of the parameters between the LOW and HIGH groups. The dosage of teriparatide in the LOW group is the clinical dosage of once-weekly teriparatide treatment for patients with osteoporosis in Japan. The dosage in the HIGH group was five times the clinical dosage, and this was decided according to the FDA guideline issued in 1994. Our findings suggest that the clinical dosage of teriparatide is effective and appropriate for a once-weekly dosing regimen. Several animal studies have demonstrated the dose-dependent anabolic effects of daily teriparatide treatment on bone [8, 9, 33] . The study reported by Jerome et al. [9] , in which ovariectomized cynomolgus monkeys were treated with daily teriparatide injections at 1 or 5 µg/kg for 18 months, found dose-dependent positive effects of teriparatide on cancellous bone mass and architecture in both the axial and appendicular skeleton. This is in contrast with the findings of our previous [6] and current studies, in which the same animals were treated with once-weekly teriparatide injection at 1.2 or 6 µg/kg for 18 months. A dose-dependent effect of onceweekly teriparatide treatment may be less evident even in monkeys treated with a lower dose of teriparatide as compared with daily treatment. Future studies should examine the relationship between the anabolic effect on bone and the treatment regimen of teriparatide.
One clinical study exists regarding the effects of teriparatide treatment on microdamage accumulation using iliac crest biopsy [5] . Dobnig et al. [5] showed that daily administration of teriparatide for 2 years reduced microdamage accumulation in postmenopausal osteoporotic patients previously treated with alendronate. In their study, however, teriparatide did not reduce microdamage in bisphosphonatenative patients. There were two possible reasons for the difference between the study by Dobnig and colleagues and our study. One is the differences in the evaluated specimens: The lumbar vertebrae used in our study may experience a higher microdamage burden during weight bearing or daily activities than the iliac crest. Furthermore, the response to anti-osteoporotic treatments may be greater in the lumbar vertebra than in the ilium because the lumbar vertebrae are usually more sensitive to changes in BMD than other skeletal structures in clinical situations [2, 10] . Another reason is the difference in the histological definition of microcracks: we expanded our definition of microcracks according to a previous report [18] to include microcracks without sharp crack edges. This presumably led to the identification of a higher number of cracks and, by extension, increased the sensitivity of the assay within a limited measurable area on histological sections. Indeed, it would be difficult to detect significant changes in microdamage in response to treatment when there are few measurable cracks before treatment. Therefore, it is possible that more microcracks overall were detected in the current study.
Our study has several limitations. First, we were not able to detect significant correlations between microdamage and mechanical properties (data not shown). This contrasted with a previous study that found significant correlations between collagen cross-links and mechanical strength with once-weekly teriparatide treatment [6] . Microdamage may not be as strongly associated with the mechanical properties of bone as collagen cross-links. Second, histomorphometric dynamic parameters regarding bone turnover were not measured in the vertebrae but in the iliac crest. This is because this experiment was performed several years ago. We assessed dynamic parameters soon after sacrifice to avoid loss of the label over a long-term fixation. Lumbar vertebral dynamic parameters obtained soon after sacrifice may provide better information about the relationship between bone turnover and microdamage accumulation. Third, specimen preparation for microdamage analysis was performed on specimens stored for several years in 70% ethanol. Longterm fixation might affect the material properties of bone and increase the production of microdamage through sectioning of the bone specimen. Finally, we could not clarify whether microdamage reduction following teriparatide treatment occurred because of increased microdamage repair or the prevention of microdamage. This is because we examined microdamage accumulation only at the end of the experiment. Time-dependent changes in microdamage parameters assessed during the time-course of teriparatide administration may help to clarify how microdamage decreases with teriparatide treatment.
Based on the results of this study, we conclude that onceweekly teriparatide treatment for 18 months improves trabecular bone mass and architecture, recovers and favorably shifts the balance of collagen cross-links, and reduces microdamage accumulation of the lumbar vertebrae of ovariectomized cynomolgus monkeys. Decreased microdamage accumulation by teriparatide treatment was associated with a decreased amount of pentosidine rather than with increased trabecular bone mass or improved trabecular architecture.
These findings suggest that once-weekly teriparatide treatment improves bone quality of the lumbar vertebrae, offering strong anti-fracture efficacy in the clinical treatment of osteoporosis.
